Abstract. An extensive experimental investigation has been carried out on the mobility of electrons in dense helium gas with particular emphasis on the drastic decreases in mobility which are believed to result from the onset of electron localization in the fluid. The mobility was measured for gas densities 2 < p < 40 x lo2' atoms cm-3, and for gas temperatures 4 < T < 300 K.
Introduction
The 'bubble' model of the negative carrier in liquid and dense gaseous helium has been thoroughly studied (Kuper 1959 , Jortner er al 1965 , Levine and Sanders 1967 , Springett et al 1967 . In this model an excess electron is pictured as inducing a density variation in the fluid through the repulsive electron-helium atom interaction ; the density variation is often idealized as a void (the bubble) in which the electron can be self-consistently trapped. The trapping of the carrier drastically decreases its mobility; indeed, it is thought that one of the dramatic manifestations of bubble formation is the 'mobility collapse' of electrons in helium gas first discovered by Levine and Sanders (1967) . The 'collapse' is the observed decrease of electron mobility by a factor of lo4 when the gas density increases by a factor of 2, under proper conditions. The phenomenon is not peculiar to helium (Springett et a1 1968) .
The bubb!z model provides a ready explanation of this phenomenon. Bubbles can only be formed under proper conditions of temperature and density (Springett er al 1968) . In particular, at constant temperature there is a critical density below which bubbles are not stable. The mobility collapse then can be viewed as the result of the onset of localization of electrons ; as the critical density is exceeded electrons begin to be trapped in bubbles and the observed mobility decreases.
Recently an alternate explanation of the collapse has been proposed (Neustadter and Coopersmith 1969, Eggarter and Cohen 1970) . Work on electron mobility in systems of jixed but random scattering centres (as in an amorphous semiconductor, for example) led to the prediction that localization of the carrier can occur in traps arising from static density variations in the material. This localization also results in a mobility collapse. Unfortunately, both the simple bubble and random scattering theories give predictions for the mobility which agree only qualitatively with experiment. An even more recent treatment of the mobility collapse has attempted to combine certain features of the bubble model with the random scattering theory (Eggarter and Cohen 1971, Eggarter 1972) . Good agreement between theory and experiment was obtained with the introduction of certain assumptions. We will discuss this treatment further below.
In the present work we have attempted to throw more light on the systematics of the negative carrier mobility by making mobility measurements over a wide range of density and temperature. We hope these data will aid in the formulation of a more complete description of the collapse. The experimental details and results are presented in 0 2. In 0 3 we attempt a brief discussion of our results in terms of an improved version of the bubble model. Though a more sophisticated treatment such as that of Eggarter (1972) would clearly be desirable, we consider it worthwhile to continue to use the older theory for two reasons: the bubble model is a well-defined theory with no adjustable parameters which gives as we shall see, a good qualitative description of the mobility collapse. And, pushing the model to its limits seems worthwhile to explicate its deficiencies and strengths. In 0 4, we summarize our results.
Experimental results
The mobility data were obtained using a single gate velocity spectrometer with drift regions of different lengths. This is because we needed to measure mobilities which ranged from ,u z 2 x 10' to p z 0.1 cm2V-s-The electron source was a heavily gold-plated ,!-emitter (tritium). The gold-plating was necessary to shorten the range of 1-at low densities. A scale drawing of the experimental cell is shown in figure 1 .
The large distance between S and G, is to ensure that only thermal electrons arrive at G I at even the lowest densities. This distance and the gold thickness on S were arrived at by calculating the expected range of the ,!-from the tritium. Later, it was checked that the calculations were correct by imposing a driving field between G , and the collector and having no field between S and G , . Only at densities less than 5.5 x 10'' cm-, was a current observed under these conditions which agrees well with the calculated value of 4.5 x lo" cm-3. The cell is opcrated by using various combinations of G , , G,, G, as a drift space to which a variabie amplitude square-wave is applied. Between the source and the grid to which the square-wave is applied a constant field, equal to that in the drift space, is maintained. This field is floaLed on the squarewave. Fields and current levels were always such that we were far from space-charge limited conditions. G, and the collector, which is essentially at ground potential, formed a final constant field region. The mobility is found from curves of current versus square-wave frequency. The frequency was swept in time at a slow rate using a HP3300A function generator, and the current-frequency curves displayed on an HP Moseley 2FA x-y chart recorder. The frequency axis was calibrated each 5 sweeps with a H P 524SL counter. The current detector was an Analog Devices 3105 operational amplifier with a minimum sensitivity of -10-l4 amps.
The current-frequency relation is where x4 is the voltage imposed across the drift space, and di4 is the physical length of the drift space. With this particular cell we were able to make measurements up to about 50 kHz and down to about 3 Hz, although most measurements fell in the range 10 to Temperature control is effected by maintaining the copper case surrounding the measuring cell in equilibrium with He4 at its boiling point by means of a cold finger around which is wound a 1000 heater. An auxiliary heater was wrapped around the can itself. Temperature could be maintained constant to within 0.05 K for periods of 10 to 15 minutes with this arrangement, which is about 5 times as long as the time for a single frequency sweep. Additional details of the experimental procedure can be found in Harrison (1971) .
Standard techniques were used to keep the experimental cell and working gas clean. Pressure was measured with Bourdon-type gauges to an accuracy of 2% and temperature with a G e thermometer, calibrated against N,, He4, and H, vapour pressure, to an accuracy of 4%. The density was obtained from the P-T measurements using the virial equation of state. Thus the density measurements are accurate to 2+%. There are two major sources of error. The first is a systematic error of + 5 % due to the fact that the electrical length of the drift space does not precisely coincide with the physical length. The second comes from errors in determining v,, or equivalently, the frequency at which the collected current falls to zero. This error is variable due to such things as electrical noise, mechanically induced noise, and the fact that the HP 3300A is arranged in decades of frequency. Figure 2 shows discrete data points, together with error bars originating from the determination of v,, but not including systematic error, which remains constant for all points. Further data curves do not show discrete points or error bars in the interests of clarity.
The mobility measurements themselves have an absolute accuracy of f 10 %, half of this being geometrical in origin. In a given run the internal accuracy is + 5 % , this being the maximum error and occurs at low density when very small fields must be used, and high density when the signal is weak.
We present smoothed plots of our data in figures 3 and 4. Figure 3 is measured mobility versus density at constant T ; the temperatures are marked on the curves. Figure 4 is measured mobility versus T -at almost constant density, which is marked on the curves in units of lo2' ~m -~. The density decreases by about 10% on each of these curves as T increases because of a finite volume at room temperature. For a more detailed presentation of the data see Harrison (1971) . The p versus p curve at 300 K agrees with the measurements of Grunberg (1968) to within 5 %, and the curve at 4.2 K agrees with the measurements of Levine and Sanders (1967) to within 10 %.
(The significance of the arrows in the figures will be explained below.) Each curve in the figures is obtained from some sixty to a hundred data points. Figure 5 is an alternative presentation of some of the data displayed as the ( p , T ) coordinates of the equation p/pf = constant. The points are taken from both constant density and constant temperature runs; thus the internal consistency of the data is quite good. The solid line corresponds to the upward arrows in figures 3 and 4. Its significance will be explained later. pf is defined in equation (9). It is pertinent at this point to make a few general comments about these results. First, although not shown in figure 3 the shape of the curvature of p versus p initially follows the dilute gas dependence on density, being roughly proportional to l/p. We interpret this to mean that the electron is not localized at low densities, and may acquire an effective mass and scattering length weakly dependent on density. Second, the high density flat portion of the figure can be explained in terms of a viscous limited mobility; the moving object must have a radius of -15 A.
The region over which the largest drop in mobility occurs is both density and temperature dependent, covering a larger range of density, the higher the temperature. If one looks at figure 4 it can be seen that over part of the range p x exp( -A / T ) , with A dependent on p . Since there is always some cunature, A is also dependent on T. This feature we interpret as being clue to the onset of electron localization, the binding energy of the trap depending on p and T. Lastly, the data curve in figure 4 for p -loz1 displays a maximum which indicates that the electron is tending to change from being quasi-free to quasi-localized at this temperature. In figure 5 the p-axis is closely proportional to the average penetration barrier of electrons into the fluid, V,. The T-axis is proportional to the average thermal energy of the He atoms. It can be seen then that p / p , = constant is roughly equivalent to VJkT = constant, again indicating that localization is the mechanism iesponsibie for the mobility decrease.
Theory
The problem of electron localization due to bubble formation in dense helium has been discussed extensively in the literature. In this section we will refine the previous treatments of the model in an attempt to fit the data. As we will see, a modest improvement results.
Our basic description of an electron in dense helium gas is a slightly modified version of the earlier theories. We adopt a repulsive pseudopotential V ( r -R ) = A 6 ( r -R )
to represent the interaction of an electron at Y with an atom at R. Thus V, = Ap, is the average barrier for penetration of electrons into the fluid when the measured density is p,. We take V, from the Wigner-Seitz calculations of Jortner et al (1965) . The electron will be taken to be governed by the effective Schrodinger equation,
Here p(u) is the gas density, which may vary in space. This equation plays the role of an effective-mass equation with $ an envelope wavefunction. Equation (2), together with the equation of state and the condition of hydrostatic equilibrium,
form a closed set which could be solved self-consistently. An attempt along these lines has been made by Levine and Sanders (1967) , and for a similar system by Clark (1965) , and by Harrison (1971) using the p(r) of equation (6) below, as a first approximation. Most treatments of the bubble problem have been content to solve this set of equations only approximately. A popular model, the so-called square well (Springett et al 1967) , fixes the density as zero within a certain radius r o , and a constant outside. The total free energy is then minimized with respect to the parameter r,. We have attempted to use more general density profiles, consistent with a low density system. to improve the accuracy.
The motivation for this work was our conviction that in a gas the square well prescribed a density variation that was much too abrupt. (The situation in the liquid is such that the square well is a good approximation.) We investigated the free energy, F , of the system of electron plus fluid in the presence of an arbitrary density variation p(v). We use the approximation.
where Fo is the free energy of the undisturbed gas, E, is obtained from equation (2), and F, is the extra free energy of the gas due to the enforced density variation.
It is easy to derive an expression for Fg in terms of the density p(r),
(5b)
!
Here p o is the limiting value of the gas density far from the electron, and B , is the first viral coefficient.
We chose first a smoothed spherically symmetric form for the function p(r) (or (6) The peculiar form of this 'rounded-well' approximation has been chosen so that the Schrodinger equation (2) is exactly soluble (Landau and Lifshitz 1950 g(r) = 1 -l/cosh2(r/ro). The dashes indicate that no stable bubble is predicted.
The variational parameter I', is the bubble radius at these values of density and temperature.
Below po = 9 x 10'' c m -3 no minimum of F(ro) exists: this indicates that the bubble is not stable. Note that for all values of the density the free energy is smaller for the rounded-well model than for the square well.
The form of equation (6) was chosen entirely for algebraic convenience. If our equations are solved self-consistently, the form of the density profile around the electron becomes squarer and the density at the origin does not go to zero. We attempted to make a more rational choice by using a density profile which yields the Woods-Saxon potential familiar in nuclear physics :
In this expression ro and r l are both free parameters. We allow both the size of the well and its 'roundedness' to vary: as r l -+ 0, g(u) approaches the form appropriate for a square well. Thus we can directly obtain some measure of the optimum shape of the well.
To calculate F in this case we solved equation (2) on a computer for a large number of values of ro and r l , and also evaluated the integrals. in equation (5). We find that the well never becomes particularly 'square' even for rather high values of density when the bubble state is extremely favourable thermodynamically. It is worthy of note that bubbles are mechanically stable before they are thermodynamically stable, which suggests that under certain circumstances one could observe two distinct mobilities.
Such a situation has in fact been observed in gaseous H, (Harrison and Springett 1971a, b) .
To calculate the mobility we use the phenomonological equation given by several authors (for example, Young 1970) Here the total mobility , U is expressed in terms of the mobility of the bubble, &, and of the free electron, ,U[. AF is the free energy difference between the bubble state and the free state.
For pf we use the expression of Levine and Sanders (1967) Here e and m are electronic charge and mass and CT is the cross section for electronhelium scattering, which we take to be 4.9 x 10-l 6 cm2 (O'Malley 1963) .
For the bubble we use the interpolation scheme of Levine and Sanders (1967) . An example of the derived mobility is plotted as a function of density in figure 6 . (10)) with experiment for the density dependence of the mobility at T = 7.30 K.
The fit is not terribly good as we should expect since the expression for pf, equation (9), only takes into account the first order correction due to fluctuations. Eggarter has examined the problem in depth and has produced an adequate fit to the data, using two free parameters. However, our aim is not so much to fit the data closely, as to demonstrate the importance of the role of electron localization in causing the mobility collapse. It is interesting that the rounded-well predictions do not differ greatly from those of the optimized Woods-Saxon potential. It would be desirable to include a realistic treatment of the localized state in the procedure used by Eggarter, and it would seem that the rounded-well could be a convenient and tractable substitute for a selfconsistent solution.
Discussion
It is readily apparent that the approximate equation (8) gives a fair account of the mobility variation. The rounded-well or the Woods-Saxon models locate the transition in a general way. This point is emphasized in figures 3 and 4 where the small upward arrows indicate the density or temperature at which localization first occurs for the rounded well. The positions of these arrows for the Woods-Saxon model are shifted slightly to the left. For comparison, the downward arrows show the prediction of the square-well model. Considering the wide range of density and temperature covered, and that the model contains no adjustable parameters, it is difficult to believe that the systematic correspondence between predictions of localization and decrease in mobility is coincidence. Figure 5 shows this correspondence even more clearly. The solid line corresponds to those points in the (p, T) plane where the rounded-well bubble first becomes stable. As can be seen, the solid line divides the ( p , T) plane into two regions, the region above the line corresponding to stability. From the figure it would seem to be indicated that p/pf = constant -2 x describes the onset of localization. Thus the mobility decrease up to this point must be described by a fluctuation-type theory, and beyond this point the mobility is governed mainly by well-defined localized states. Figure 6 shows that the major shortcoming of equation (8) is that the variation of mobility of the quasi-free electron is not properly accounted for. Eggarter's (1972) theory is a quite successful attempt at accounting for the behaviour of the quasi-free electron. That theory is based upon fluctuations in the gas density. Our discussion has ignored this vital physical circumstance. However, as can be seen from the tables the localized state develops a binding energy considerably larger than k T quite rapidly and thus becomes uninfluenced by fluctuations. This is in contrast to Eggarter's notion of pseudo-bubbles, the density of which is obtained from percolation theory rather than thermodynamic stability arguments. Fluctuations will play a role, however, since AF is such a strong function of density that the bubble mobility should certainly be written as an average over the effective radius of the localized state. If the present model of the localized state is to be included into Eggarter's theory we find that the choice of cell size within which fluctuations are to be considered has to be somewhat larger than used by Eggarter (1972) .
Another aspect of the problem which can possibly be treated by the models here advanced is the calculation of the lifetimes entering into equation (8). The expression for AF has both a maximum and a minimum. Thus the rate at which an electron localizes itself can be written as r = To exp( -AF,,,/k T ) .
(10)
We would expect that To -(cs/ro) where U, is the velocity of sound. This gives To -5 x 10" s-', in quite good accord with values found in the liquid (Onn and Silver 1969) . The exact value of AFmax depends upon the way in which the localized state develops. It is entirely possible that r could be of the same order as the transit time through the measuring apparatus. This also is a possible explanation of the results of Harrison and Springett (1971a, b) .
We point out that the measurements we present here cover a large range in the ( p , T ) plane and thus can be used as a fairly strong test of any additional theories of the collapse that are advanced. In addition, further experiments could be performed to shed light on this problem. We feel that extensive measurements of the high electric field drift velocity could throw a light on the problem (Levine and Sanders 1967, and Hernandez 1972, private communication) , because the quasi-free electron will be much more strongly affected by the field than the bubble. Thus, using a single-gate technique such as we did, when the lifetime of the electron in the quasi-free state is much longer than its transit time through the gate anomalous signals should appear. At low densities we did in fact see anomalous signals but because we were using a p-source and because the anomalies only occurred at quite low densities it is likely they were due to short-lived He-ions.
Another experimental test which should prove interesting would be to dope He with Ne, thus reducing the effective V, for a given p and T in a known manner. This would provide tests of both Eggarter's (1972) theory and the present localization model.
